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Fig. 2 Schematics of the free electron plasma formation.

(a) Multiphoton ionization; (b) tunneling ionization;

(¢) avalanche ionization
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Fig. 3 Schematics of the cross-section images of waveguides
fabricated by FsLDW (the areas within the black

dash lines represent the location of waveguide core).

body material

(a) Direct-written refractive index elevated waveguide;
(b) stress-extruded dual line waveguide; (c) depressed

cladding waveguide; (d) ablated ridge waveguide
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Fig. 4 FIFO devices fabricated by FsLDW technique. (a) Sketch of the first FSLDW FIFO device for 4-core fiber™; (b) schematic of

an FIFO device for 121-core fiber based on a photonic lantern”; (c) a fan-out device in optical quantum chips for the observation

of NOON state Bloch oscillations™; (d) FsSLDW prepared FIFO device with board-bandwidth and low insertion loss for 19-core
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Fig. 5 Mode controlling devices fabricated by FSLDW technique. (a) Schematic of the first FsSLDW OAM beam emitter””;

(b) schematic of tapered couplers”™; (c) concept and principle of the trench-based OAM mode multiplexer
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splitter with the optical-lattice-like cladding and its output modal profile™”

32 EREFHFE

EAER 14 T SRR AR, & 7L RS
W E ) /N BUAR AL, 5 R R G H AR R E RN
AP RN EEAE KBRS, T CHEOLES
ARG T8 A AL AT LS IAE 3 = 40O 148 1%, e
W 522 L, T L AT LA A 98 1 )k RO S R DL Ko

Tl A 2 S B AR A DR P A U\Tbl‘c%ii)fwﬁﬂﬁéﬁ
TS RE R R RLR & B LRI,
=YY T AT EEAADOLE TRE Ot T E S
Fr LA RO 7500k 8 i S D A 2 T B
Gt TR R A B LAY T [
A1, Bl e R RN E RS & 4 (DC) A . e T4

0402406-6



E51% F4H8/2024 £ 2 B/HE#N

FERAPUN  EE o I o R =) || I NI 2 U i ) = A8
EAEAR, AT e CR O EE S PSR a8l T
PR EE A T 7 3 T g AR R O R g 0 A A2
IT(CNOT ') Z ML (CZ )" 4, 2013
4, Osellame BBVl £ T ¥ 210 609 —#8 & %4
tritter, i 13 X tritter fi A |1, 1, 1> 1 =+ Fock & ,
L E RS T =42 TR aTRE.
W5 B A1 85 0l 0L 5 2 OB 1 5 A5 A UL R AT
X E R & B T3 A E B A XA, DU 86k T X £ #]
MRE=ZIETFTENRG ., T =M, AEN
AT INE A e TR RL L LIS R T R
WO HES B RS T8 — A6 T = R Toffoli
TR, MATE 5] A =g HF 7 S %3, W %
T EEAR AN 6B 38 R A, RKREE T T8 e i 1
e, WA 7 () Br s o B A = R quurit B E A
Toffoli I B AR K 85.5% . #t— 4, Li%EF| FH = 4k
CHENE PSR TEIE A T T U T G RF ququart /Y
CCCNOT ], s R T W HOL S H R =4
GRE el 6 2 s T84T L pilk . 2022
4 Zhang 288 T W& 7(b) R 1) = 4E % S B 51
Wk e Z 97 10 EW AT S X 55 A B AS Z (A B IR
BRI A Z M ARG R AR T i A AR
RS 2 B O 5 T B O O AR 2 AL A
vty 1 5 9 B 88 o 9 JUART A 67, DATIT 98 B AT 3 1Y
2, G glad AR R LA AR A0 B R AL A A DL LA A7 4 B
IE G N i T AR Y 1], B B R % 45 0 SE B R
MR I

AT AE RS BE LT E AE U L
5 S O () AR RE SR R AT E . R T
BIMAMETTFHNEN, & FIERMUEBRETS54
HREALAT A B R [ AT O T LA R A
BB v 5 e AT M HE B FE B 3. At PR
AT E G T B AL A% ) RS EE T DAY R A
IR 25 8], DT 484 i 0 7 B0 30 7 A ke [ A8E ) JT 5 1sf
] B B9 A #2014 4F , Poulios 257 78 “ + 52 " HEFI Y
=YD S S 1.2 80 2.6 3w 1 4 B A 4 R E 7
e FEF, LB T B nl W RO 73 T
SR, i T 7 A REAE R #R 28 25 Hofh 5 1) b [ v A5 5y
PR L TSI B0 1) o 47 A AR TS A X AN RR TR ki
2L ) AT E . 20184F, Tang % 5 W A I b3
6B E 45 T 4949 (1 2401 AN 5 4 R ) ) R R
T YEY RS AR 7 (o) R R TESER B RO T
PEF B 5 B E S R O T e SR R AT
AT AL, 5256 R E S A5 B A ) b 07 B AR 5 AT I
(2) A BB FR X PP A2 2 265 1 i 74738 A 2
FH T i phe 22 A% 50 R e AL BE Y [R] T, 2021 4F , Max
FEUNE AR FAA T M SR EIAT
B R S f G, A ] 7(d) BT (8 4506 7 78 25 8] RN i 4R
P G 1) B 4 B P S B T A 2R S A AT R O TE
R ERS LT BT o S SRR ITRE T g%

Jem FHEBSH RN T IE R F S BURRE In) 8 R
IR & S A . T RO ES T AW
“YEH G RE ST, Crespi &R 224 XU 43 SR 28 41 K
M) = Yl 4 LR S BE 2 TS T B it Tk
A B AR 4 (qFFT) , T AL AR L5 an & 7 (e)

@ 3

B
a=(45.7 +1.3)°

1 4 s
a=(449+11)° 2

(e) (f) Inject single photons
Four-mode Eight-mode faten |7Vl s | 8 3 b
g 20—e6i7: 712 I I g a2 N6 )
30—e7 8n123iI 7I o 7
40—e8 g8
' s / 1118 BN
4 ¢+ s+« (O Hitting efficiency
V
/—\
Directional coupler Phase Directional coupler Phase Hexagonal graph chip

K7 CEBEOLES W 4R A (a) B A = HdE Toffoli 82 #1775 (b) SCBIBUE T 4 810 = 4k S 515 (¢) 2401 AR

AT R TR S (D BT S S A RS () F TR qFF T /Y 481 SHLAE a1 95 A i 45
MRl (DA T RE MR ERE

Fig. 7 Three-dimensional quantum photonic chips fabricated by FSLDW technique. (a) Schematic of the first three qubit quantum
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dimensional quantum walks""; (d) three-waveguide coupled system introducing the birefringence™”; (e) schematics for four-mode

and eight-mode integrated interferometers for the implementation of gFET™"; (f) schematic of a glued hexagonal tree""”
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Fig. 8 Topological phase in optical waveguide arrays. (a) Spiral induced Floquet topological insulator'”; (b) bulk band structure of

Floquet topological insulators™; (c)(d) optical field distributions on the output surface of the waveguide array at different

propagation distances™; (e) one-dimensional non-Hermitian SSH model"

"1 (f) experimental and simulation results of mean

displacement (Am) for different distance differences Ad between waveguids™; (g) nonlinear induced photon anomalous

Floquet topological insulator™””; (h) bulk band structure of anomalous Floquet topological insulators™”; (i) light diffraction in the

anomalous Floquet arrays under linear and nonlinear edge excitation regimes
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Fig. 9 Three-dimensional optical waveguide devices for astrophotonics. (a) Schematic of the PL with Bragg gratings""”; (b) schematic

of the photonic dicer'™; (¢) schematic of the pupil remapper""; (d) schematic of three-dimensional beam combiner"”
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Fig. 10 Three-dimensional waveguide sensors. (a) Schematic of the femtosecond-laser-fabricated microfluidic channel and integrated

MZI"; (b)(¢) schematic of the RI sensor in silver containing glasses and transmission curves of the sensor under different

118],
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Table 1 Low-loss waveguides in various substrates fabricated by FsSLDW technology

Substrate Ij:tpee;llil:lz veloci;a;l(nrlrrllri s ) Wavglifgl?hg/nm losir??gli%t:s;lﬂ) Ref.
Fused silica 500 0.125 1550 0.07 [123]
Eagle XG 500 1 1550 0.26 [125]
BK7 1000 1.5 1550 0.3 [124]
Lead-germanate glass 5000 0.5 1550 0.2 [126]
BZH7 250 0.2 1550 0.2 [127]
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Nd:YVO, 1 0.5 1064 0.46 [130]
Diamond 1 0.1 633 1.2 [131]
Z-1LLINbO, 1 10 1550 0.4 [132]
B-BBO 1 0.5 800 0.19 [129]
Pr:YLF 1 0.05 444 0.12 [133]
YAG:Nd 1 0.5 1064 0.15 [134]
PMMA 100 36 850 0.5 [135]
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Fig. 11 Spherical aberration and its compensation techniques. (a) Introduction of spherical aberration™"; (b) schematic of the slit shaping

optical path™*; (¢) optical microscopy photo of the circular cross-section optical waveguide written by the cylindrical lens and

slit combination optical path and the scale bar is 10 um™""; (d) deep structures direct writing with the aid of SLM compensation

148],

algorithm™*; (e) schematic of the multi-foci-shaped femtosecond laser direct writing optical path'
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Abstract

Significance With the development of emerging applications, such as artificial intelligence (AI), automatic drive, and high-speed
computing, the information transmission capacity and processing speed required by human society are increasing exponentially.
Hence, photonics is expected to be a new approach to information transfer and processing in the future for the multiple-encoding
degrees of freedom, low power consumption, ultrahigh-speed information transmission, and high parallelism in information
processing. Compared with traditional bulky optical systems, photonic integrated circuits (PICs) have a low loss, multifunctionality,
high degree of integration, and compact size. These advantages have attracted attention from scientists worldwide. Apart from the
significant progresses made in two-dimensional (2D) PICs, a rapid development trend in three-dimensional (3D) PICs consisting of 2D
and 3D waveguide devices is being witnessed.

With its 3D processing capability, femtosecond-laser direct writing facilitates the transformation of PICs from 2D into 3D. This
transformation provides not only a direct solution for the improvement of chip integration in the physical space but also new physical
degrees-of-freedom design to achieve more complex on-chip photonic manipulation methods. Compared to 2D optical waveguide
devices, 3D optical waveguide devices offer a new three-dimensional architecture for photonic chips, enabling three-dimensional

integration. By spatially combining waveguide devices, multiple degrees-of-freedom of photons can be fully achieved. By writing
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designed optical waveguide arrays, it is possible to construct Hamiltonians, enabling the direct simulation of quantum and topological
phenomena in optical systems. With these advantages, 3D PICs have important applications in various fields, including optical

communications, integrated quantum optics, topological optics, astrophotonic, and optical sensing.

Progress We reviewed the research progress of femtosecond-laser direct writing for 3D PICs. First, we introduced the mechanism
of interaction between the femtosecond laser and transparent materials. On this basis, four types of femtosecond-laser direct-writing
waveguides were introduced. Finally, we extensively reviewed the important applications and recent progress in 3D PICs in various
fields.

Conclusions and Prospects 3D femtosecond-laser direct-writing PICs provides a crucial solution for manipulating optical
information. However, significant scientific and technical problems must be addressed before practical applications can be achieved.
For example, the spherical aberration and Kerr nonlinearity that hinder the high-quality fabrication of 3D waveguides need to be
addressed. In addition, the dynamic modulation efficiency of 3D PICs is limited by the large spacing between the surface and internal
components. If these problems are solved in the near future, the femtosecond-laser direct-writing technique can be fully utilized in

fabricating 3D PICs, with significant economic benefits to human society.

Key words integrated optics; photonic integrated chips; femtosecond laser direct-writing; three-dimensional optical waveguide
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